Engineered wetlands are an emerging technology for the on-site bioremediation of petroleum hydrocarbon-contaminated (PHC) water. The engineering optimization of natural treatment processes shows that engineered wetlands are a viable alternative to mechanical remediation systems.
Introduction and Statement of Theory
Petroleum wastes are documented to naturally degrade in natural wetland environments (Wemple and Hendricks 2000) . The microbial community associated with the plant rhizosphere creates an environment conducive to degradation of many volatile organic compounds (Schnoor et al. 1995; Pardue et al. 2000) . Both surface flow and subsurface flow engineered wetlands have been used to treat PHC wastewaters (Knight et al. 1998) .
Surface flow constructed wetlands have been used to treat PHC wastewaters from Amoco's Mandan, North Dakota facility since the early 1970's (Litchfield and Schatz 1989; Litchfield 1993) . For higher strength wastes, surface flow engineered wetlands have been used in conjunction with mechanical treatment systems (Lakatos 2000) . Because of the higher surface area present in a gravel bed, subsurface flow engineered wetlands can achieve more biological treatment in a given unit area (Kadlec and Knight 1996) .
Initial work on the use of subsurface flow engineered wetlands to treat industrial organic compounds was completed in Germany (Seidel 1973) . The Seidel approach has been successfully used in a full-scale system at the Mobil Oil AG terminal in Bremen, Germany (Vymazal et al. 1998) . Subsurface flow wetlands have also been used to treat coke plant wastewaters (Jardiner et al. 2000) . A study in Arizona (Wass and Fox 1993) indicated that wetland vegetation plays an important role in the removal of oil and grease in stormwater treatment subsurface flow wetlands. A study in the U.K. (Omari et al. 2001 ) demonstrated improved removal of diesel range organics (C-10 to C-26-range) in vegetated vs. unvegetated subsurface flow engineered wetland cells; the improved removal could be correlated to the vertical distribution of root/rhizomes in the wetland cell. Kadlec (2001) concluded that aeration would be an important component of subsurface flow engineered wetland design, as an active aeration system would enhance both volatilization and aerobic degradation of hydrocarbons. A subsurface flow engineered wetland was used at the Gulf Strachan Gas Plant, approximately 200 km northwest of Calgary, Alberta, to treat hydrocarboncontaminated groundwater (Moore et al. 2000) . This study demonstrated successful treatment of aqueous phase hydrocarbons under winter conditions. An aeration system was used during the winter months, which resulted in improved removal of both total petroleum hydrocarbons (TPH) and BTEX compounds.
Engineered wetland design for bioremediation/treatment of PHC groundwater and wastewater is predicated on the flowrate, influent concentrations, effluent concentrations, and contaminant mass loading to the engineered wetland. These parameters can vary widely from site to site. An engineered wetland must be designed to accommodate these parameters, as well as factors such as climate, available land area, and topography, while consistently achieving effluent standards as required by permit. The manner in which these parameters and factors influence engineered wetland design is described in three example applications that follow. Application 1 describes an aerated horizontal subsurface flow engineered wetland in Watertown, South Dakota, for treating petroleum contact wastewater at a small flow rate. Application 2 describes a high flowrate combination of cascade aerator, surface flow engineered wetlands, and aerated horizontal subsurface flow engineered wetlands for treating both BTEX and iron in contaminated groundwater at a former refinery. Application 3 describes a moderate flowrate combination of cascade aerator, sedimentation basin/sludge drying beds, surface flow engineered wetlands, and vertical flow oxic limestone drains for treating high iron concentrations and BTEX concentrations in contaminated groundwater at a former refinery.
Application 1: Petroleum Storage Tank Wastewater Treatment
Williams Pipeline Company operates a petroleum terminal facility in Watertown, South Dakota, USA. The facility generates large quantities of petroleum contact wastewater in the spring and summer months (Wallace 2001a) . Petroleum contact wastewater is characterized as storm water runoff, hydrostatic test water, or other water sources that have come in direct contact with petroleum products. The PHC wastewater is routed through an oil/water separator and stored onsite. Several biological treatment processes were tested at the pilot scale, but none proved feasible because of short residence times and the high oxygen demand of the influent waste. Based on monitoring data from a variety of Williams' pipeline terminals, it was apparent that, in addition to BTEX, the contact water also contains very high levels of carbonaceous biological oxygen demand (CBOD 5 , up to 16,000 mg/L) and ammonia (up to 230 mg/L), which is attributable to the variety of materials the pipelines have transported in the past. The engineered wetland system was designed to treat a flow-equalized input of 1.5 m 3 /d. A timer-controlled transfer pump is used to control facility contact water into the engineered wetland. Because the tank is frozen in the winter (and generation of contact water during the winter is minimal), the engineered wetland is only used from May through October. A 1,486 m 2 horizontal subsurface flow engineered wetland was designed for onsite treatment of the facility contact water. The wetland is covered by a 7.5-cm mulch layer for odor control. The hydraulic loading on the wetland is 0.025 gallons per day per square foot (1 mm/day). The engineered wetland has a surface water discharge permitted by the State of South Dakota. However, because of the low hydraulic loading rate, no discharge has occurred since operation began in August 1998.
Because of the high-strength nature of the waste, the engineered wetland was designed with a Forced Bed Aeration™ system (Wallace 2001b) . A total of 2,560 m of aeration tubing with turbulent flow emitters spaced every 610 mm was installed. A 1.5-HP (1.1 kW) blower is used to pressurize the aeration system. The blower is programmed to run 24 hours per day. A schematic of the aeration system is shown in Fig. 1 Numerous longitudinal transect samples were collected during 1998 and 2000. CBOD 5 and ammonia removal appear to follow a first-order decay pattern, in most cases reaching non-detect levels at 80% of the bed length. Average removal rates were 99% for CBOD 5 and 98% for ammonia. There were no significant differences in treatment efficiency during the operating season. In most cases, BTEX was removed in the first 40% of the bed length. BTEX removal is believed to be largely a function of enhanced volatilization as a result of the aeration system. This BTEX is likely captured and degraded in the mulch layer. Volatilization would be consistent with the off-gas measurements conducted at Gulf Strachan, which indicated that approximately 50% of the BTEX mass was volatilized in the first 6 m of the wetland (Moore et al. 2000) , although the BTEX levels at the Watertown system are much lower. The oxygen demand exerted on the wetland system has averaged 16 g of O 2 per m 2 -day since August 1998. Assuming that in the absence of aeration, atmospheric diffusion and wetland plants could jointly transfer up to 7.2 g O 2 per m 2 -day (Gersberg et al. 1989) , the aeration system is making up the balance of the oxygen transfer requirement. This is consistent with the increasing dissolved oxygen levels that are observed as the water progresses down the length of the wetland cell. Because of the water vapor loss induced by the aeration system and the high evapotranspiration conditions of the regional climate, the wetland has operated as a zero-discharge system since startup. Because the processing capability of the wetland has exceeded initial design expectations, wastes from other facilities in North and South Dakota are now brought to the Watertown wetland for treatment. Decree established the framework for site remediation, whereby BP and the City of Casper agreed to convert the site into a golf course and office park with a river trail system. Because of the long timeframe for remediation (50 to 100 years), BP was interested in pursuing long-term O&M cost savings through a sustainable biological treatment processes. An engineered wetland treatment system was identified as a low-maintenance system compatible with the intended golf course use of the property. The treatment system was required by WDEQ permit to achieve an effluent benzene concentration of less than 50 g/L.
Pilot System Design and Results. Based on a review of the existing literature, Kadlec (2001) estimated a three tanks-in-series (3TIS) areal rate coeffi cient (k A ) of 115 m/yr for BTEX and benzene. For the initial design fl ow criteria of 7,949 m 3 /day, this would have required 11 hectares of subsurface fl ow wetlands (which was deemed excessive). The initial feasibility study also recognized the need for cascade aeration for iron oxidation, together with a settling basin for iron precipitate settling. A pilot system was constructed to assess aerated wetland performance (Wallace and Kadlec 2005) . Four subsurface fl ow engineered wetland treatment cells (operating in parallel) were established. Each cell was 1.7-m wide by 7-m long by 1.1-m deep (Ferro et al. 2002) . Cells were loaded at a nominal fl ow rate of 5.4 m 3 /day, resulting in a nominal hydraulic retention time of 1 day.
In each pilot cell, influent was introduced across the bottom area of the wetland, flowed upward through the (lower) gravel and (upper) sand bed, and then across the upper portion of the sand bed to the outlet. This flow path was selected based on intellectual property constraints in the United States, although Kadlec (2001) noted that vertical upward flow presented a potentially unstable flow regime. Indeed, short-circuiting problems were observed in this vertical upward flow system. Various species of wetland plants were transported from the University of Wyoming-Laramie greenhouse for planting in the pilot systems, including species of willows (Salix), reed (Phragmites), bulrush (Schoenoplectus), rush (Juncus), and dogwood (Cornus). Two of the four cells were vegetated using a 0.15-m-thick mulch layer consisting of plant detritus interlocked with roots and rhizomes harvested from a nearby wetland which had a mature assemblage of wetland vegetation adapted to alkaline conditions (Ferro et al. 2002) .
The pilot system was operated between August and December 2002 and was designed to test the relative effects of operating the cells with and without wetland mulch and with and without aeration. Some problems (nonuniform flow caused by the upward flow direction and nonuniform air distribution) were noted during pilot operation, which led to subsequent changes in full-scale design. During the course of pilot system operation, all four pilot cells were operated with aeration for at least part of the study period. Data from each of the pilot cells was segregated into periods with and without aeration. The presence of wetland mulch and aeration both improved treatment performance. Although the water temperature changed seasonally throughout the period of pilot operation, no impact on removal rates was observed. Mean areal rate coefficients based on assumed 3TIS flow were established for benzene, BTEX, TPH, and methyl tert-butyl ether (MTBE) as summarized in Table 1 . Full-Scale Design. The full-scale system was designed to treat 6,000 m 3 /day of contaminated groundwater. Because potential fouling of the subsurface fl ow engineered wetland media was identifi ed during the pilot operation, a cascade aeration system (for iron oxidation) and surface fl ow engineered wetland (for iron precipitation and settling) was added to the system upgradient from the subsurface fl ow engineered wetland (Fig. 6) .
Cascade Aerator. U.S. regulations require that the benzene concentration of the water released to the wetland treatment system be less than 500 g/L. An enclosed, ventilated cascade aerator was designed to reduce benzene concentration to this value in the oil/water separator effluent. Volatile organics stripped from the water column are routed to a soil-matrix biofilter for degradation. Average benzene reduction in the cascade aerator has been approximately 54%.
Surface Flow Engineered Wetlands. The primary function of the surface flow wetlands is to precipitate and remove iron to prevent fouling of the subsurface flow engineered wetland media. Reduced iron present in the groundwater is oxidized in the cascade aerator. Because of the pH of the water (∼8.3), oxidized iron rapidly forms ferric oxyhydroxide precipitates and settles as the water moves downgradient through the surface flow engineered wetlands (Fig. 7) . The surface flow engineered wetlands are divided into two parallel treatment cells with a combined surface area of 0.6 ha. The water depth in each cell can be independently adjusted from 0 to 0.6 m, with a typical operating depth of 0.3 m. The surface flow engineered wetland cells were planted with hardstem bulrush (Schoenoplectus acutus), cattail (Typha angustifolia), and bur-reed (Sparganium eurycarpum). Transect data indicates the surface flow engineered wetlands are effective in removing iron.
Subsurface Flow Engineered Wetland Cells. The thousandfold scale-up from the pilot to full-scale treatment system presented a number of design challenges, first and foremost of which was flow distribution. In order to apply the rate coefficients developed from the pilot, the full-scale system had to be designed such that the degree of short-circuiting and dispersion was less than that observed in the pilot study. The vertical upward flow design was abandoned in favor of a center-feed, horizontal, radial flow configuration. In order to operate ice-free in the severe Wyoming winter, a 0.15-m insulating mulch layer was installed on top of the subsurface flow wetland cells. The insulation layer was designed using energy balance methods described elsewhere (Wallace et al. 2001) . The subsurface flow wetland cells were constructed with an aeration system (Wallace 2001b ) capable of uniformly distributing air throughout the engineered wetland basins. Blowers distribute air to the wetland bottom through aeration tubing at a 0.6-m spacing. Thirty-seven kW of blower capacity are employed. However, because the aeration system uses variable-frequency drives, actual power consumption is usually much less. The full-scale system began operation in May 2003. The system was hydraulically loaded at approximately 2,700 m 3 /day (45% of design) through March 2004. System performance during this initial full-scale operation period for benzene, BTEX, and gasoline range organics (GRO) is summarized in Table 2 .
Although the wetland treatment system was achieving nondetect levels of petroleum hydrocarbons, the BTEX mass load was at the time only approximately 15% of the design mass load. The low mass loading resulted in lower observed removal rate coefficients (Table 3) . Rate coefficients summarized in Table 3 are approximate in nature. Because of the location of sampling points, this represents the combined removal in the surface and subsurface flow wetland cells. Flow has steadily increased since 2003, with design flow being reached in late 2005 (Fig. 8) .
Influent benzene concentrations have ranged from approximately 100 to 760 g/L since 2004 (Fig. 9) . However, benzene concentrations in effluent from the wetland treatment system have remained at non-detect levels (with detection levels ranging from 0.5 to 10 g/L).
This project demonstrated through the application of both pilotscale and full-scale wetland treatment systems that removal rates for petroleum hydrocarbons in aerated subsurface flow engineered wetlands are considerably greater than in non-aerated wetlands. Areal rate coefficients (3TIS k A values) for BTEX degradation were measured in the pilot system at 244 m/yr for cells operating without aeration and mulch, and at 356 m/yr for cells with aeration and mulch. The full-scale system, which uses aeration and mulch, has a 3TIS k A value of 350 m/yr. Based on data from the pilot and the full-scale systems, there appears to be little if any temperature effect on petroleum hydrocarbon degradation rate coefficients. The treatment system is now operating at design flow, reducing influent benzene concentrations from an average of approximately 300 g/L to non-detect concentrations. The wetland treatment system has been incorporated into a large-scale redevelopment of the property, including a Robert Trent Jones-designed golf course, whitewater rafting park, and commercial office and light industrial park space. In 2005 the project won the U.S. Environmental Protection Agency Region VIII Phoenix Award, which recognizes outstanding brownfield redevelopment projects.
Application 3: Former Refinery at Wellsville, New York
For this application, the engineered wetland treatment system (recently commissioned) is designed to treat a wide variety of organic compounds (principally petroleum hydrocarbons), as well as being able to remove metals (principally iron) from the recovered groundwater at a design flow rate of 1,060 m 3 /day. Influent concentrations and effluent target concentrations at shown in Table 4 . System Design. The design consists of four parallel treatment trains. Major components of each treatment train include (Fig. 10) :
• A cascade aeration system to oxidize metals (iron and manganese).
• A sedimentation pond to precipitate and settle iron and associated metals, including arsenic.
• Dewatering beds to concentrate metallic sludge.
• A surface flow engineered wetland to provide biodegradation of organic compounds and additional metals removal.
• Two parallel vertical flow engineered wetlands, which function as oxic limestone drains to restore alkalinity lost due to iron precipitation.
Cascade Aerators. Cascade aerators are simply a series of steps, or waterfalls, which are used to oxygenate water. They are most commonly used where a pumping system is employed to transfer influent to the treatment system. Because of naturally high concentrations coupled with reduced aquifer conditions (owing to in-situ biodegradation), there exist elevated levels of ferrous iron (Fe +2 ) and manganese (Mn +2 ) in the groundwater. Manganese is removed by the same processes (oxidation and precipitation) as iron. Influent iron concentrations are a controlling factor in the design. Both iron and manganese are oxidized at the first stage of the removal process: After oxidation, both iron and manganese precipitate from solution. Because the amount of oxygen needed to oxidize the metals is small, a cascade aerator is an effective aeration method. These devices have been successfully used in cold-climate applications to oxidize iron and manganese at the Chisago-Isanti Landfill in Minnesota, USA (Loer et al. 1999) ; the Anoka County Landfill in Minnesota, USA; and the former refinery site in Casper, Wyoming, USA (Wallace and Kadlec 2005) . The Chisago-Isanti treatment system operates seasonally and uses a series of open-air steps to create waterfalls. The Anoka and Casper systems operate yearround and use a series of dams welded into a 1.22-m-diameter pipe. All three systems effectively oxidize 100% of the iron and manganese with very short (<2 minute) retention times.
Sedimentation Pond. After oxidation in the cascade aerators, oxidized metals form insoluble precipitates. The sedimentation pond allows settling of these precipitates:
Similar pond systems are employed at the Chisago-Isanti and Anoka County Landfills, and are effective at removing more than 90% of the precipitated metals. The Wellsville sedimentation pond has a 3-day hydraulic retention time, resulting in a nominal size requirement of 0.2 hectares.
Dewatering Beds. At full design flow, the treatment system will generate up to 107 kg/d per day (dry weight) of sludge. At an estimated solids content of 3%, this would result in over 1,300 m 3 /yr of sludge. Four dewatering beds concentrates the sludge prior to final processing and disposal. Sludge drying beds can be either non-vegetated or vegetated. Vegetated beds, developed in the early 1960s, became part of what was known as the Max Planck Institute Process (Brix 1994) . The sand bed is planted with emergent wetland plants and fed throughout the year in intervals with up to 20 cm of sludge (Barjenbruch et al. 2002) . Beds are typically loaded with 20 to 30 kg (dry weight) of sludge per m 2 /yr, and solids content is typically 35 to 40% after dewatering (DeMaeseneer 1997). Higher solids contents are possible, but require sacrificing the plants to drought stress (Nielsen 1990) . Freezing conditions enhance performance because ice crystals lyse the cell walls of any biosolids present in the sludge (Reed et al. 1995) .
Surface Flow Wetland System. Surface flow wetlands are engineered basins that support the growth of emergent wetland plants. The basin is typically lined with a synthetic liner. A layer of soil is placed on top of the liner to support the root network of the plants. These systems typically operate at a water depth of 0.3 to 0.6 m and are vegetated with cattails (Typha spp.), bulrushes (Scirpus spp.), and similar plants. At water depths greater than 0.9 m, emergent vegetation cannot survive and these open-water zones can be engineered into the wetland. Open water zones are beneficial for re-aeration of the water, mosquito control, wildlife habitat, flow redistribution, and operator access. The free water surface wetlands will serve two primary purposes at the Wellsville site:
• Biodegradation of organic compounds.
• Additional removal (polishing) of iron and manganese. The microbial community associated with the plant rhizosphere creates an environment conducive to the degradation of many volatile organic compounds (Schnoor et al. 1995; Pardue et al. 2000) . Other constituents of interest include nitrobenzene and aniline. Biodegradation of these compounds requires aerobic conditions to support heterotrophic bacteria capable of oxidative deamination (Gheewala and Annachhatre 1997) . A study of aniline degradation in pond water indicated that biodegradation is the dominant removal mechanism and that degradation was almost complete in 3 days at 20°C (Lyons et al. 1984) . The engineered wetland system provides adequate retention time, microbial surface area, and the aerobic environment needed for degradation of these compounds. Surface flow wetlands are also effective in iron and manganese removal. As a result, the surface flow wetland cells further reduce iron and manganese concentrations. Four parallel wetland cells are designed for this treatment system. Each wetland cell is 0.25 hectares in size based on a design-controlling loading requirement of 0.5 g/m 2 -d for manganese. At a 0.3-m water depth, the hydraulic retention time in each wetland cell is 3 days.
Vertical Flow Wetlands/Oxic Limestone Drains. The precipitation of metals results in the net production of acidity (reduced pH of the water). In order to prevent the pH from dropping below the discharge criteria, vertical flow engineered wetlands with oxic limestone drains are included in the design. The oxic limestone drains allow water to contact the limestone under aerobic conditions. To prevent fouling by ferric oxyhydroxide precipitates, the drains must be periodically flushed or scoured (Vinci and Schmidt 2001) . In addition to alkalinity restoration, the vertical flow wetlands also serve as a final filter to remove particulate matter (especially iron particulates) from the surface flow wetland effluent. The vertical flow wetlands are sized based on potential alkalinity consumption and hydraulic loading rate, with each bed having an area of 150 m 2 . This produces a hydraulic loading rate comparable to slow sand filters (American Water Works Association 1990).
Cold-Climate Performance. The engineered wetland treatment system must operate successfully in the winter months. The most important function of the system is iron removal, which is not temperature-dependent (Snoeyink and Jenkins 1980) . However, the system must be able to hydraulically function at cold winter temperatures, and the proposed design must accommodate ice formation in the surface flow engineered wetlands. Water temperatures during winter operation were modeled (U.S. EPA 1983; Reed et al. 1995) using an assumed influent groundwater temperature of 17°C and an assumed air temperature of -11°C, which is the mean minimum daily air temperature for Allegany County, New York. Modeling results are shown in Table 5 .
Modeling results indicate that the pond will stay ice-free, but surface ice formation will occur approximately 40% into the surface flow engineered wetlands, with a maximum ice thickness 
Conclusions
Each of the three engineered wetland treatment systems is designed based on a site-specific combination of flowrate, influent concentrations, effluent concentrations, and contaminant mass loadings. Engineered wetlands are flexible, robust treatment systems which can be configured in multiple ways to effect optimal treatment of petroleum hydrocarbon and metallic contaminants under given flowrate and climatic conditions. Cascade aerators, sedimentation basins, surface flow engineered wetlands, subsurface flow engineered wetlands, and oxic limestone drains can be used to effect optimal treatment. These systems are robust and are often designed to be capable of operating for 50 to 100 years. Because operations and maintenance costs for engineered wetlands can be lower than for equivalent mechanical treatment systems, and owing to the aesthetic appeal of engineered wetlands vis-à-vis mechanical treatment systems, engineered wetlands are a viable treatment solution for the on-site bioremediation of PHC groundwater and wastewater. Wetland effluent 0.6 -11
